An improved understanding of grain growth kinetics in nanocrystalline materials, and in metals and alloys in general, is of continuing interest to the scientific community. In this study, Mg-Al thin films containing~10 wt pct Al and with 14.5 nm average grain size were produced by magnetron sputtering and subjected to heat treatments. The grain growth evolution in the early stages of heat treatment at 423 K, 473 K, and 573 K (150°C, 200°C, and 300°C) was observed with transmission electron microscopy and analyzed based upon the classical equation developed by Burke and Turnbull. The grain growth exponent was found to be 7 ± 2 and the activation energy for grain growth was 31.1 ± 13.4 kJ/mol, the latter being significantly lower than in bulk Mg-Al alloys. The observed grain growth kinetics are explained by the Al supersaturation in the matrix and the pinning effects of the rapidly forming beta precipitates and possibly shallow grain boundary grooves. The low activation energy is attributed to the rapid surface diffusion which is dominant in thin film systems.
I. INTRODUCTION
RESEARCH in structural nanocrystalline materials has generally been driven by the possibility of enhanced structural properties, such as high hardness and strength, over their microcrystalline counterpart. However, since nanocrystalline materials have a significant amount of grain boundary area, the excess energy stored within these grain boundaries provides a large driving force for grain growth. As such, exposure to high temperatures, e.g., during service, can lead to grain growth in nanocrystalline materials and diminish the structural advantage offered by the initially present nano-grained microstructure. In a manner similar to the nanomaterials, microcrystalline materials undergo grain growth upon exposure to elevated temperatures; however, the driving force associated with the grain boundary area is much lower than in nanocrystalline materials. Consequently, an improved understanding of grain growth in nanocrystalline materials, and in metals and alloys in general, is of continuing interest to the scientific community.
Grain growth in nanostructured elements and alloy materials has been a subject of great interest in the literature [1, 2] and has been studied in materials such as Cu, [3] Ni-Fe, [4] Ni, [5] Mg-Al, [6] Ag, [7] Mg-Ca, [8] and Fe. [9] The reader is also referred to the work of Malow and Koch [10] who have summarized grain growth data in a variety of nanocrystalline materials.
This work is focused on investigating grain growth in nanocrystalline Mg-Al alloys. Magnesium (Mg) is the lightest structural metal and has the potential to provide 60 to 75 pct mass savings relative to steel or cast iron, and 25 to 35 pct mass savings relative to aluminum. [11] Mg is frequently alloyed with Al and, Mg-Al-based alloys such as AZ91 (Mg-9 wt pct Al-0.7 wt pct Zn), are attractive light-weight candidates for replacing steel and Al alloys in automotive parts due to a combination of castability, strength, and ductility. [12] [13] [14] [15] [16] Thus, nanocrystalline Mg-Al alloys, with superior strength over their microcrystalline counterpart, provide an attractive opportunity to produce high-strength, light-weight materials. However, there are only a few studies in the literature that have looked at grain growth in nanocrystalline Mg alloys. Thein et al. studied the kinetics of grain growth in two (Mg-5 wt pct Al and Mg-5 wt pct Al-10.3 wt pct Ti) mechanically alloyed nanocrystalline Mg-Al-composite materials made by ball milling. [6] They determined the activation energy for grain growth to be 119 and 123 kJ/mol, respectively. These values are, respectively, 29 and 34 pct greater than that for pure Mg (92 kJ/mol) and the larger values (relative to pure Mg) were attributed to the presence of fine intemetallic phases. [6] In another study, Cao et al. [8] studied grain growth kinetics in Mg-12.1 wt pct Cu alloy produced by mechanical alloying and determined the activation energy for grain growth to be 162 kJ/mol. This value of activation energy is~70 kJ/mol greater, i.e., 76 pct higher than that for pure Mg and they attributed this high value to the presence of Mg 2 Cu intermetallic dispersoids.
Similar research to determine activation energy has been performed in nanostructured alloys, other than Mg, as well. For example, Dannenberg et al. found the activation energy for grain growth in nanocrystalline Ag thin films to be 53 kJ/mol which is low compared to the activation energy for grain boundary diffusion, 95 kJ/mol. [7] They attributed the lower activation energy in nanocrystalline thin films to surface diffusion. [7] Simoes et al. found a similar trend in nanocrystalline Cu thin films where the activation energy for grain growth was 35 kJ/mol, i.e., significantly lower as compared to its value of 100 kJ/mol in microcrystalline Cu. [3] The authors attributed the lower activation energy in nanocrystalline thin films to increased grain boundary mobility; they also suggested an increase in energy stored in grain boundaries and twins (which are common in Cu) as a contributing factor. [3] These results from nanocrystalline Ag and Cu are contrary to the high activation energy measured in nanocrystalline Mg-Al by Thein et al. [6] and in nanocrystalline Mg-Cu by Cao et al. [8] Thein et al. attributed the higher activation energy in nanocrystalline Mg-Al, relative to pure cast Mg, to the presence of fine dispersion of intermetallic phases (Mg 17 Al 12 and Al 3 Mg 2 ) with potentially additional contribution from MgO. MgO was hypothesized to be present on as-received Mg powder and/or was formed due to oxidation during mechanical alloying process. Likewise, Cao et al. [8] attributed the higher activation energy in nanocrystalline Mg-Cu, relative to Mg, to the presence of fine intermetallic precipitates of Mg 2 Cu. Thus, the literature on nanocrystalline Mg alloys seems to suggest a higher activation energy for grain growth than in pure Mg and the higher activation energy is attributed to the presence of fine intermetallic precipitates.
In this work, transmission electron microscopy (TEM) was used to study the grain size evolution in nanocrystalline Mg~10 wt pct Al solid solution thin films heat treated inside the microscope. New insights into the microstructural evolution of the non-equilibrium starting microstructure of Mg-Al alloy in the thin film geometry (i.e., a large number of grain boundaries and high surface area) compliments the data obtained on conventional micron-scale grain size Mg-Al-Zn alloys, [17] [18] [19] Mg-Al binary diffusion couple, [20] and mechanically alloyed Mg-Al and Mg-Al-Ti nanocrystalline powders. [6] Generally, existing studies on Mg-Al alloys have examined microstructural evolution after heat treatment times of many hours or days. [12, 13, 17, 21, 22] As the activation energy for grain growth in other thin film systems was found to be much smaller than in their respective microcrystalline systems, short heat treatment times were selected for this study.
II. EXPERIMENTAL METHODS

A. Specimen Fabrication
Binary Mg-Al alloy thin films of about 60 nm thickness were deposited by magnetron sputtering. The deposition rates for Mg and Al were calibrated and films were deposited at 65 W (V bias = 345 V) and 20 W (V bias = 302 V) at rates of 5.6 and 0.4 Å /s, respectively which corresponds to~10 wt pct Al. The Mg-Al films were deposited on a 25 nm amorphous silicon nitride TEM support membrane with a viewing area of 30 9 400 lm. An FEI Helios Nanolab dual-beam FIB/ SEM was used to lift out a cross-section of the as-sputtered thin film as described in the literature [23] for determination of the film thickness and through-thickness microstructure. Compositional quantification was performed on Mg-Al film sputtered on a silicon wafer and using an Oxford Instruments EDS system in a JEOL 7600 FESEM.
B. Heat Treatment of Thin Film Specimen
The as-sputtered films were heated in vacuum inside the TEM using a Gatan single-tilt heating stage. The heat treatments were carried out at 423 K, 473 K, and 573 K (150°C, 200°C, and 300°C) for times between 5 and 190 minutes. The heat treatment temperatures were reached in~90 seconds, while cooling to room temperature (at the end of the heat treatment) was achieved iñ 120 seconds in each case. The heat treatment temperature was as indicated by the vendor-provided heating-stage controls. Each heat treatment for a given time and temperature was conducted on a fresh as-sputtered thin film sample. TEM analysis of heat-treated films was performed, after cooling, in an aberration-corrected, monochromated FEI Titan 80-300ä operated at 300 kV and a JEOL ARM 200CF at 200 kV. EELS analysis was performed with a high-resolution GIF at a convergence angle of 27.5 mrad and a collection angle of 82.6 mrad with a dispersion of 0.25 eV/chan. The Mg K 1 edge at 1305 eV and the Al K 1 edge at 1560 eV were used for quantification.
C. Grain Size Measurement and Grain Growth Analysis
The grain size measurements of the films were performed on bright-field images using the linear intercept method described in ASTM E112 and on at least 2 micrographs (for each heat-treat condition) taken at 936,000 magnification. Horizontal parallel lines were drawn across the TEM image of a heat-treated film to obtain several hundred intercepts in each case.
Under the assumption that the free energy of all grain boundaries is the same-independent of grain size and time-and that there are no pinning forces impeding grain boundary mobility, Burke and Turnbull described grain growth with the parabolic relationship [24] :
where D is the average grain size at time t, D 0 is the average grain size at time t = 0, and K is a constant.
Experimentally, this equation has been found to hold for a few very pure metals. It has been found in the literature that grain growth in less pure metals and alloys can be described by:
where n is often referred to as the grain growth exponent and has been reported to reach values as high as 12. [25] In cases where D ) D 0 , D 0 is sometimes neglected [26] simplifying Eq. [2] to D ¼ ðKtÞ 1=n . This simplification is not possible for the data acquired in this study, as short heat treatment times were considered and D is of the same order of magnitude as D 0 . The activation energy Q for grain growth can now be determined from an Arrhenius plot of ln K vs
where R is the gas constant and T is the temperature. There exists an n 2 R; n ! 2 for which D n À D n 0 is proportional to t. In this study D n À D n 0 was determined for integers with 2 n 15. In each case the adjusted R 2 was determined to find the best linear fit. The linear intercept method to quantify grain size is meant to be an indicator of the diameter, and therefore the volume, of equiaxed grains. To account for the columnar nature of as-sputtered grains in this study, the initial average grain size D 0 , as measured with the linear intercept method, was adjusted to represent an equiaxed grain of the same volume. Assuming D 0 to be the diameter of a cylinder with height (film thickness) L, representing a columnar grain,
LÞ 1=3 is the diameter of a sphere (i.e., an equiaxed grain) of the same volume.
III. RESULTS AND DISCUSSION
A. TEM Analysis of Heat-Treated Thin Films Figure 1 shows the TEM bright-field (BF) images revealing the grain structure in a Mg-10 wt pct Al thin film after isothermal heat treatment at 423 K (150°C) for 0, 5, 30, and 60 minutes. The grain structure of the nanocrystalline films is clearly revealed by the brightfield contrast. The diffraction patterns (e.g., at t ¼ 0 and 60 minutes) confirm the nanocrystalline nature of the films. As shown in the image at t ¼ 0 minute, the diffraction pattern of the as-sputtered film matches a hexagonal pure Mg pattern. After heat treatment (image at t = 60 minutes) the number of rings in the diffraction pattern has increased, suggesting formation of b phase (Mg 17 Al 12 ). The rings now look discontinuous as the number of grains within the selected area aperture has decreased. However, the b phase cannot be distinguished from the a phase (Mg-Al) in the TEM brightfield image owing to their similar morphology. An increase in grain size is notable with increasing heat treatment time from 0 to 60 minutes. The variation in contrast (alternating black and white stripes) across some of the grains in the as-sputtered film suggests that there may be internal strains in the as-sputtered grains, which are relaxed in the early stages of heat treatment. While the grain structure iscolumnar in the as-sputtered film, the heat-treated films show some overlapping ''buried'' grain boundaries which are a result of the now equiaxed grains (arrows in Figure 1 ). Figure 2 shows the grain size evolution during isothermal heat treatment at 473 K (200°C). As expected, the grain size increases more rapidly than at 423 K (150°C). There is a distribution in grain size; however, the grain size distribution appears to be fairly normal, without any large abnormal grains. Grain growth at 573 K (300°C) (Figure 3) is even more rapid. While the majority of grains appear to have a normal size distribution, few cases of abnormal grain growth have been observed at this temperature (see Figure 4) . The micrographs used for the grain size measurements were acquired from areas away from such abnormal grains.
B. Grain Growth Analysis Figure 5 illustrates the grain size evolution with time for the three heat treatment temperatures of 423 K, 473 K, and 573 K (150°C, 200°C, and 300°C). The measured grain sizes are also listed in Table I . The scatter bars in Figure 5 account for the variation in line length, i.e., variation in the number of intercepts for the individual lines used in the linear intercept method. Thus, the scatter bars indicate the variation in grain size rather than uncertainty in measurement. Higher temperatures lead to more rapid grain coarsening and the scatter in grain size seems to be greater, particularly at 573 K (300°C) for 190 minutes heat treatment. The initial average grain size D 0 , as measured with the linear intercept method, was 14.5 nm. This value was adjusted to represent an equiaxed grain of the same volume as the initial columnar grain. Assuming D 0 to be the diameter of a 60 nm (i.e., film thickness) tall cylinder representing a columnar grain, D 0 ¼ 26:6 nm is the diameter of a sphere (i.e., an equiaxed grain) of the same volume.
To determine the grain growth exponent n, the correlation of the linear fits of D n À D n 0 vs t was evaluated based on the adjusted R 2 value of each fit. A value of R 2 = 1 indicates perfect correlation and all data points lie on the fitted line. Figure 6(a) shows that for all three temperatures, the fit improves initially when n is increased, but no significant improvement of the fit was achieved when n was increased to integers greater than 7. Figures 6(b) through (d) show the resulting linear fits at n ¼ 7.
The activation energy Q for grain growth can now be determined from an Arrhenius plot as shown in Figure 7 (a) where ln K, as determined with n ¼ 7, is plotted vs 1 T . The slope of the graph is À3741, which corresponds to an activation energy of 31.1 kJ/mol.
In a few studies, a definite maximum in the quality of fit (i.e., R 2 or adjusted-R 2 ) could be determined and non-integer values were determined for the grain growth exponent n. [7] However, in other studies only approximate values of n were given. [3, 25] To understand the influence of the choice of n on Q, the respective Ks were determined for 2 n 15 and Q was calculated for every case. Figure 7 (b) shows how the calculated Q(n) = Q n increases almost linearly with increasing n. For n = 2 a positive slope in the Arrhenius plot was obtained, resulting in a negative activation energy (Q 2 = À0.3 kJ/mol) which indicates spontaneous grain growth and is not feasible. To account for the uncertainty induced by the spread in grain sizes at a given temperature and time, and the relatively small number of data points, an error of ±2 is suggested for the exponent n. Thus, assuming n = 7 ± 2, Figure 7 (b) shows that the activation energy for grain growth in Mg-10 wt pct Al thin films is Q = 31.1 ± 13.4 kJ/mol.
Choosing a large value of n, e.g., as large as 15, would be counterintuitive, as the quality of the fit is (if not significantly) decreasing for large n at every temperature (see Figure 6 (a)) and there is no reason to expect such a large value of n. Even for this extreme assumption, the corresponding activation energy was calculated to be Q 15 = 85 kJ/mol, which is still below the activation energy of 92 kJ/mol for core diffusion in pure microcrystalline Mg [27] as well as lower than the 115 kJ/mol value reported as the apparent activation energy for grain growth in AZ31B (with micron-sized grains). [19] IV. DISCUSSION Grain growth in Mg-~10 wt pct Al thin films was studied using TEM imaging after heat treatment at temperatures between 423 K to 573 K (150°C to 300°C
). Analysis was performed using a general form of equation proposed by Burke and Turnbull, and activation energy for grain growth was determined. It should be noted that the original Burke-Turnbull model (Eq. [1] ) is strictly applicable only if the driving pressure on the boundary is solely due to its curvature. In the case of sputtered thin films, internal stresses developed during the film growth may also influence grain growth. [28, 29] As grain growth upon heating is particularly rapid in early stages, we have assumed that these stresses are annealed out early in the process. Further, literature has shown that positive deviation from Burke-Turnbull model (i.e., n > 2, conventionally attributed to drag forces) can also be handled by the generalized form of Eq. [2] to obtain an apparent activation energy.
In prior work on grain growth in Mg-Al alloys, n was reported to be 4 or 5 with micron-scale grain size, [18, 19, 30] and 6 or 7 in mechanically alloyed nanocrystalline powder. [6] It is reasonable to expect that the grain growth exponent in this study using nanocrystalline thin films is close to that of similar nanocrystalline materials in the literature [6] due to the similarities in their respective microstructural features that, therefore, have a similar retarding influence on the grain evolution upon heating. Although a grain growth exponent of n > 2 in Eq. [2] does not have any physical meaning, such values of n are typically associated with some sort of a drag on the grain growth process. These drag forces include solute drag, solute segregation at grain boundaries, grain boundary pinning due to second phase precipitates (formed during grain growth or pre-existing), thermal grooving, and surface oxidation. In the present work, the presence of Al in solid solution and the formation of b (Mg 17 Al 12 ) precipitates are expected to be primarily responsible in hindering grain growth while Thein et al. [6] attributed grain growth retardation to Al 3 Mg 2 and MgO precipitates/dispersion in addition to the Mg 17 Al 12 precipitates.
While the as-sputtered films comprise a Mg grains supersaturated with~10 wt pct Al (~9 at. pct Al), the Mg-Al equilibrium phase diagram shows that the equilibrium solubility of Al in Mg at 423 K, 473 K, and 573 K (150°C, 200°C, and 300°C) is~2,~3, and~6 at. pct Al, respectively. [31] It is suggested that excess Al solute atoms in the a Mg matrix hinder the grain growth via solute drag during heat treatment. Moreover, heat treatment of the as-sputtered a matrix results in the precipitation of b-Mg 17 Al 12 , which can also hinder grain growth by grain boundary pinning mechanism. For example, Figure 8 shows a line profile across one of the grains after 5 minutes of heat treatment at 573 K (300°C ). The EELS line profile through the grain shows that the Al concentration on either side of the grain is~9 at. pct (~10 wt pct) corresponding to the as-sputtered composition while within the grain, the Al concentration is~41 at. pct, indicating that the grain is a b-Mg 17 Al 12 precipitate. In other words, a b-phase particle has already formed within a very short time at 573 K (300°C ). Since the as-sputtered a-phase contains~9 at. pct Al, formation of b-Mg 17 Al 12 phase (i.e., 41 at. pct Al) during heat treatment implies a 4.5-fold local Al Regarding the grain boundary pinning efficacy of precipitates, the expression for Zener pinning is given by Koch et al. [2] as:
where Pz is the pinning pressure exerted by the particles on a unit area of the boundary, F is the volume fraction of randomly distributed spherical particles of radius r, and c is the specific grain boundary energy. As seen in Figure 8 (a), the size of the Mg 17 Al 12 precipitates in current work is on the same order of magnitude as the a grains themselves. Therefore, owing to their relatively ''large'' size, the efficacy of b precipitates is expected to be lower than if they had been present as discrete particles (smaller than the a grains) within the a grains or on the grain boundaries. Heat treatment of metal films can lead to thermal grooving along the grain boundaries at the surface of a specimen. When the grain size approaches the film thickness, thermal grooving can cause the cessation of further grain growth, and this phenomenon is called the specimen thickness effect. [32] Thermal grooves can ''anchor'' a grain boundary and prevent grain growth, particularly if the boundary is normal or near-normal to the surface [33] as is the case for columnar grains. In the present experiments, the columnar structure of the grains appears to be lost very rapidly and replaced by equiaxed grains before thermal grooving can occur. Further, grain growth to a size similar to the film thickness (~60 nm) was observed only at the longest heat treatment at the highest temperature (see Figure 5) . However, deep and obvious grain boundary grooves such as the extreme case reported by Dannenberg et al. [34] were not observed in current TEM images. Therefore, it is possible that shallow thermal grooves may be contributing to delaying grain growth. It should be pointed out that the columnar geometry was accounted for in the determination of the average grain size in the as-sputtered samples. However, transformation of original columnar grains into equiaxed grains during the initial stages of heat treatment likely requires significant grain boundary migration, more so than if the original grains were equiaxed. This fact may also introduce temporary delay in grain growth confined to the very early stages (minutes) of heat treatment which was not accounted for in the present analysis.
Finally, magnetron sputtering fabrication process was carried out under high vacuum and the Mg-Al thin films are expected to contain relatively low levels of impurities. In between experiments, the specimens were stored in a desiccator under Ar atmosphere. Although the films were exposed to air for several hours due to handling before the heat treatments, EDS revealed no significant amount of oxide in the films (~3 at. pct O measured). Thick surface oxides would be expected to enhance the grain boundary pinning effect of thermal grooving; however, there was no evidence of such oxides in the current work.
Although there are a number of mechanisms in the nanocrystalline thin film system that impede grain boundary mobility and lead to a high grain growth exponent, the activation energy for grain growth (31.1 kJ/mol) determined in the present work is much lower than in microcrystalline pure Mg, [27] bulk Mg-Al alloys, [19] and even in mechanically alloyed nano-powders. [6] The activation energy for grain boundary diffusion in Mg is reported to be 92 kJ/mol and in Al it is 84 kJ/mol, [33] suggesting a mechanism different from grain boundary diffusion to be responsible for the low activation energy measured in this work.
An explanation for the low activation energy for grain growth is the strong effect of surface diffusion in the thin film, as was observed for Cu and Ag films. [3, 7] It is surprising that the activation energy is almost 1/4th of that determined for mechanically alloyed Mg-5 wt pct Al nano-powder (119 kJ/mol) by Thein et al. [6] where surface diffusion should have also played a large role in reducing the activation energy as postulated for the thin films in the current work. However, Thein et al. [6] attributed their high activation energy values to the presence of fine intermetallics and oxide phases.
V. SUMMARY AND CONCLUSIONS
Thin films of Mg-~10 wt pct Al were fabricated by sputtering and subjected to heat treatment at 423 K, 473 K, and 573 K (150°C, 200°C, and 300°C) for times ranging from 5 to 190 minutes. The microstructure and grain growth in the films were characterized by TEM and EELS and the data analyzed to determine the growth exponent and activation energy for grain growth. The grain growth exponent n was determined to be 7 ± 2 for the temperature-time combinations studied here, which is in agreement with the analysis in literature on mechanically alloyed nanocrystalline Mg-5 wt pct Al. Al supersaturation in the matrix and the rapid precipitation of the b-phase during the early stages of heat treatment are believed to retard the grain growth. Further work is required to determine the extent of thermal grooving and its effect on grain boundary mobility in the Mg-Al thin film system. The activation energy for grain growth was determined to be 31.1 ± 13.4 kJ/mol. This value is significantly lower than in microcrystalline pure cast Mg (92 kJ/mol) or microcrystalline AZ91 (115 kJ/mol) and attributed to the rapid surface diffusion in thin film systems. The work presented here demonstrates that heating magnetron-sputtered thin films inside the TEM and subsequent grain size analysis is a suitable technique to study early-stage grain size and microstructure evolution kinetics in Mg alloys starting out as a non-equilibrium solid solution.
